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Vibrational properties of Ga-stabilized d-Pu by extended x-ray absorption fine structure
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Temperature-dependent extended x-ray absorption fine structure~EXAFS! spectra were measured for a 3.3
at.% Ga stabilized Pu alloy over the rangeT520–300 K. EXAFS data were acquired at both the GaKedge
and the PuL III edge. Curve fits were performed to the first shell interactions to obtain pair-distance distribution
widths s as a function of temperature. The temperature dependence ofs(T) was accurately modeled using a
correlated-Debye model for the lattice vibrational properties, suggesting Debye-like behavior in this material.
Using this formalism, we obtain pair-specific correlated-Debye temperaturesQcD , of 110.7 61.7 K and
202.663.7 K, for the Pu-Pu and Ga-Pu pairs, respectively. The result for the Pu-QcD value compares well
with previous vibrational studies ond-Pu. In addition, our results represent the first unambiguous determina-
tion of Ga-specific vibrational properties in PuGa alloys, i.e,QcD for the Ga-Pu pair. Because the Debye
temperature can be related to a measure of the lattice stiffness, these results indicate the Ga-Pu bonds are
significantly stronger than the Pu-Pu bonds. This effect has important implications for lattice stabilization
mechanisms in these alloys.

DOI: 10.1103/PhysRevB.65.214107 PACS number~s!: 61.10.Ht, 61.66.Dk, 63.20.Dj
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I. INTRODUCTION

Plutonium in its elemental form presents a complica
picture of phase stability.1 Indeed, Pu may adopt one of s
crystallographically different phases (a, b, g, d, d8, ande)
upon heating from room temperature to its melting point
913 K. This complex phase behavior has been explained
part, by the behavior of the Pu 5f orbitals which fluctuate
between itinerant and localized behavior. In this heuris
framework, elemental Pu represents the transition p
along the actinide series from the delocalized electronic
ture of the early actinides~Ac-Np! to localized, lanthanide-
like f-orbital character observed for the heavier actinide2

Theoretical calculations currently support the hypothesis
the 5f orbitals are delocalized for elements lighter than Pu
the actinide series and localized for those heavier than3

This view of the relationship between electronic and crys
lographic structure is reinforced by comparing the comp
phase behavior and structures observed for pure U, Np,
Pu metals as opposed to the relatively simple structures
served for the elements Am and beyond.

The structural and electronic relationships that exist
tween thea andd phases have received much attention d
to some unusual observations. Pure face-centered cubic~fcc!
d-Pu is stable from 593 to 736 K, and exhibits a 25%
crease in volume relative to that of the ground state pha1

monoclinic a-Pu. However, it is well known that the fc
structure can be stabilized down to ambient temperature
the addition of small amounts (;3 –9 at. %) of alloying
elements such as Al, Ga, In, Sc, and Ce.4 However, at lower
impurity atom concentrations, thed phase converts directly
0163-1829/2002/65~21!/214107~7!/$20.00 65 2141
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to thea form upon cooling, possibly through a Martensit
phase transformation.5,6

Other than a tendency to form trivalent cations, relative
little is known about the mechanism of these so-calledd
stabilizers.’’7,8 Band structure studies have suggested that
Ga, and Sc impurities diffuse the 5f bands, thereby remov
ing their involvement in bonding and leading to the stabil
of a more common,d-bonded transition metal-like phase9

Beckeret al. have employed anab initio LDA approach to
study the lattice relaxation in a Pu31Ga supercell cluster, and
find evidence of a lattice contraction around the Ga s
which relaxes the bonding constraints for the neighboring
atoms.10 Other theoretical works11 point to a substantial leve
of 5f localization in thed phase12 and have speculated on
Kondo-like model for the involvement of the 5f electrons.13

Analysis of the vibrational properties in these materials
also important for understandingd-phase stablization. Unfor
tunately, measurement of the phonon dispersion using c
ventional inelastic neutron scattering techniques is troub
some given the difficulty in growing high-quality singl
crystals. An alternative approach is to evaluate the De
temperatureQD using various structural techniques. Ledbe
ter et al.14 employed ultrasonic wave measurements of el
tic constants for 3.3 at. % Gad-Pu and calculated aQDvalue
of 115 K. The thermal behavior of 5.0 at. % Ald-Pu was
studied by temperature-dependent neutron pow
diffraction15 yielding a similarly low value ofQD5132 K.
More recently, Lynnet al.16 studied a 3.6 at. % Gad-Pu
sample using neutron-resonance Doppler spectroscop
technique that can determine element specific values
QD . The experiments determined a Pu-specific value
QD5127 K, and assigned a Ga specific value ofQD5255 K,
©2002 The American Physical Society07-1
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P. G. ALLEN et al. PHYSICAL REVIEW B 65 214107
although with relatively large errors (622 K). As a test of
the Debye model, one can check the assumption of e
force constants for the Pu and Ga sites by comparing the
QD to theAmPu/mGa weighted value of 236 K derived from
the Pu-QD value. Thus, this comparison does not exclude
possibility that the Ga atoms experience a stiffer force fi
compared with the Pu atoms.

In this article, we present temperature dependent EXA
~extended x-ray absorption fine-structure! spectroscopic re-
sults for 3.3 at. % Gad-Pu as a means of discerning diffe
ences in the vibrational character of the Ga and Pu s
Previously, EXAFS studies on Ga stabilizedd-Pu have fo-
cused on isothermal measurements at either the GaK or the
PuL III edges, and have revealed some important effects.17–19

In general, these studies indicate that the Ga atoms resid
their expected fcc lattice positions although there is an
preciable lattice contraction observed for the Ga-Pu bo
(;3 –4 %). Surprisingly, the contraction in Ga-Pu bonds
significantly larger than the collapse calculat
theoretically10 or the contraction expected from Vegard’s la
based on a simple substitutional alloy. In addition, EXA
data show increased disorder for the Pu-Pu near neig
interactions. These results indicate that there are unexpe
site-specific lattice effects occurring in these materials.

The outline of the paper is as follows. Details of samp
preparation and EXAFS experimental setup and data ana
are discussed in Sec. II. The results of curve-fitting analy
and modeling the temperature dependence using the c
lated Debye model are presented in Sec. III. A discussion
the results and their relation to otherQD studies is presente
in Sec. IV, and the conclusions are given in Sec. V.

II. EXPERIMENTAL DETAILS

A. Sample preparation

A ;6 mm thick 239Pu foil ~3.3 at. % Ga! was prepared
from 20 year old material by melting to remove accumula
helium, followed by subsequent annealing, cutting, and r
ing. The foil was further homogenized at 450 °C for;100 h
to ensure that single-phase,d-Pu was produced. Transmis
sion x-ray diffraction was performed at LLNL and confirme
the presence of the fcc phase, with no significant amount
other Pu phases present. In preparation for EXAFS analy
the foil was electropolished to remove any accumulated
ide material on the surface. The sample was then enca
lated under argon using a specially designed, triple cont
ment x-ray compatible cell manufactured by Boyd Tech. T
first level of containment consisted of coating the sample
a thin film of liquid polyimide solution that was allowed t
air dry directly on the sample. The foil was then mount
onto an aluminum frame and sealed within two additio
layers of x-ray transparent Kapton windows~0.010 in. thick!.
The windows were clamp mounted onto the aluminum bo
with stainless steel window frames and using indium wire
a vacuum seal material. The triple-contained sample
subsequently mounted in an open cycle liquid helium fl
cryostat for variable temperature EXAFS measureme
Temperature measurement errors are within;1 K, and are
stable within;0.2 K.
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B. EXAFS data acquisition and analysis

Plutonium L III - and gallium K-edge x-ray absorption
spectra were collected at the Stanford Synchrotron Radia
Laboratory~SSRL! on wiggler beamline 11-2 under norma
ring operating conditions using a nitrogen-cooled Si~220!,
half-tuned, double-crystal monochromator operating in un
cussed mode. The vertical slit height inside the x-ray hu
was 0.3 mm which reduces the effects of beam instabili
and monochromator glitches while providing ample phot
flux. The PuL III -edge spectra were measured in transmiss
mode using Ar-filled ionization chambers. The GaK-edge
spectra were measured in fluorescence mode using a
element Ge array solid state detector developed by Canb
Industries. The detector was operated at;75 kHz per chan-
nel, and the signals were digitally processed using the D
4C/4T developed by X-ray Instrumentation Associates.

XAFS raw data treatment, including calibration, norma
ization, and subsequent processing of the EXAFS a
XANES ~x-ray absorption near-edge structure! spectral re-
gions was performed by standard methods review
elsewhere20,21 using theEXAFSPAK suite of programs devel
oped by G. George of SSRL. Typically, three XAFS sca
~transmission or fluorescence! were collected from each
sample at each temperature and the results were avera
The spectra were energy calibrated by simultaneously m
suring the absorption spectrum for the reference sam
PuO2 or Ga2O3. The energies of the first inflection points fo
the reference sample absorption edgesEr were defined at
18053.1 eV~Pu L III ) and 10368.2 eV~Ga K). The EXAFS
threshold energiesE0 were defined as 18070 and 10 385 e
for the Pu and Ga edges, respectively. Nonlinear le
squares curve fitting was performed on thek3-weighted EX-
AFS data using theEXAFSPAK programs.

The EXAFS data were fit using theoretical phase and a
plitude functions calculated from the programFEFF8.1 of
Rehr et al.22,23 All of the Pu-Pu interactions were modele
using single scattering~SS! paths derived from the mode
compound, unalloyedd-Pu, afcc54.6371 Å.24 The Ga-Pu
SS interactions were modeled by using the same model c
pound structure and replacing the central absorbing a
with Ga. An initial series of fits was done on the raw PuL III
and GaK-edgek3-weighted data sets using the expected
near-neighbor interactions at 3.28, 4.64, 5.68, and 6.56 Å
fixing the coordination numbers at 12, 6, 24, 12, and
respectively. The results~especially at lowT) confirmed the
presence of the fcc structure and showed no evidence
other unusual structural effects. That is, we observed
phase changes~i.e., d→a) or previously postulated meta
stable impurity phases.25,26 This first level of analysis was
also used to establish values forS0

2 andDE0 by fixing coor-
dination numbersN and allowingS0

2, DE0 , s2, and R to
vary. The final values used were taken from averaging o
the range of temperatures studied: for PuS0

250.55, DE05

212 eV and for Ga,S0
250.85, DE05210 eV. The rela-

tively low value ofS0
2 obtained for Pu in this alloy is close t

the lower range ofS0
2 values reported for a wide variety o

compounds.21 However, due to the lack of reportedS0
2 values

for Pu alloys in the literature, it is not clear whether th
7-2



er
e
,
e

se
v
hl
re

d

F
a
n
t

er
th
ec
er
nd
th
a
h

u
u
ra

.6
be

-

ob
d

an
T

P

d

pe
din
th

t

ntri-
la-
e-

Pu
-

ons

e

to
ruc-
e 3
nd

s to

urier

VIBRATIONAL PROPERTIES OF Ga-STABILIZED . . . PHYSICAL REVIEW B65 214107
value is anomalous or represents a real physical charact
tic of the Pu atoms in this material. Forcing the fits to us
higher value ofS0

250.9 leads to extremely poor quality fits
particularly with respect to the EXAFS amplitude envelop

As a result of the preliminary analyses, all of the sub
quent fits described here focussed on isolating the beha
of the first shell Pu-Pu and Ga-Pu interactions in a hig
constrained manner. Thus fits were done on Fourier-filte
data using the same fixedS0

2 andDE0 values for all tempera-
tures, along with a fixed coordination number ofN512 for
the first shell. The ability to fixDE0 , N, and S0

2 helps to
avoid correlation problems between the fit parameters an
establish more consistently any changes ins2 and R that
may occur as functions of temperature.

III. RESULTS

A. EXAFS raw data and curve fitting

Figures 1~a! and 1~b! show the rawk3-weighted Pu EX-
AFS L III data and the corresponding Fourier transforms~FT!
for the d-Pu sample as a function of temperature. The
represents a pseudoradial distribution function and the pe
are shifted to lowerR values compared to real interactio
values as a result of the phase shifts associated with
absorber-scatterer interactions (;0.1–0.2 Å for Pu-Pu!. As
the sample is cooled from 293 to 20 K, the EXAFS scatt
ing amplitude increases systematically due to decreased
mal motion of the atoms in the lattice. As a result, the eff
tive measurablek-range increases substantially at low
temperature. This effect is equally visible in the correspo
ing FT’s. As the temperature is lowered, the intensity of
FT peaks increases dramatically, and the spectra reve
pattern consistent with that expected for a fcc lattice. T
first shell Pu-Pu peak seen at;3.1 Å corresponds to 12 P
near neighbors in the fcc structure and increases in maxim
peak height while also narrowing with decreasing tempe
ture. The second, third, and fourth shell peaks at;4.4, 5.4,
and 6.3 Å which correspond to real interactions at 4.64, 5
and 6.56 Å are clearly affected by thermal effects and
come distinguishable only below 80 K.

The GaK-edge rawk3-weighted EXAFS and correspond
ing FT’s are shown in Figs. 2~a! and 2~b!. This series of
spectra qualitatively exhibit the same thermal behavior
served in the PuL III -edge EXAFS data, that is, increase
scattering amplitude along with detection of more dist
neighbors are apparent with decreasing temperature.
spectra are dominated by the peak at;3.0 Å, attributed to
the first shell Ga-Pu interactions (N512). At lower tempera-
tures, the FT’s reveal second, third, and fourth shell
neighbor interactions at;4.4, 5.4, 6.3 Å, respectively. In
contrast to the behavior observed in the Pu EXAFS, the
tection of these longer range interactions is retained up
higher temperatures~around 110 K!. At this level of analysis,
this observation suggests that the Ga-Pu interactions ex
ence less thermal broadening than the correspon
Pu-Pu interactions, which is especially surprising given
decreased reduced mass of the Ga-Pu pair relative to
Pu-Pu pair.
21410
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Following initial inspection of the data~see Sec. II! we
chose to focus our analyses on the isolated first shell co
butions, in part, due to the high signal-to-noise obtained re
tive to the more distant shell interactions. Thus by curv
fitting the Fourier-filtered first shell components from the
L III and GaK EXAFS, the local vibrational temperature de
pendence may be investigated. The first shell interacti
were isolated by Fourier transforming over the datak ranges
shown in Figs. 1~a! and 2~a!, and back-transforming over th
rangeR52 –4 Å.

The curve-fitting results summarized in Table I serve
identify the different temperature dependent and static st
tural effects for the Pu and Ga sites in this material. Figur
shows the resulting curve fits to the Fourier filtered Pu a
Ga EXAFS data measured at 20 K ink and R space. The
strong coincidence between the data and the fits serve

FIG. 1. PuL III -edgek3-weighted EXAFS data~A! and the cor-
responding Fourier transforms~B! for thed-Pu sample as a function
temperature. Data were acquired in transmission mode and Fo
transformed over the ranges shown in the figure.
7-3



em
an

n
e
a
on
p
tu
u

th
u

dis-
-Pu
ture
s in

u

ier

.

w
an

se

P. G. ALLEN et al. PHYSICAL REVIEW B 65 214107
illustrate the highly refined nature of theFEFF8.1calculations
as well as the appropriateness of the fitting procedure
ployed. Because these fits were highly constrained,
changes in the data are assigned to changes inR ands2. The
first effect revealed by these data is the overall contractio
Pu atoms around the Ga sites relative to the environm
around the Pu sites. This ‘‘collapse’’ of about 4% is comp
rable to that observed by earlier EXAFS studies
d-Pu.17–19 The first shell bond lengths for each element a
pear to remain constant over the measured tempera
range, at least within the quoted experimental error and
der the constraints outlined above.

B. Vibrational analysis

The most dramatic effect depicted in this data set is
difference in the temperature dependence between the P

FIG. 2. GaK-edgek3-weighted EXAFS data~A! and the corre-
sponding Fourier transforms~B! for the d-Pu sample as a function
temperature. Data were acquired in fluorescence mode and Fo
transformed over the ranges shown in the figure.
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and Ga-Pu Debye-Waller factorss2. The values fors2 in-
crease with temperature consistent with greater thermal
order, as expected. However, according to Table I, the Pu
first shell shows much greater disorder at higher tempera
than the corresponding Ga-Pu shell. Moreover, this occur

rier

TABLE I. Pu L III and GaK-edge EXAFS single shell curve
fitting results. The first shell interactions were isolated by Four
transforming over the datak ranges displayed in Figs. 1~A! and
2~A!, and back-transforming over the rangeR52 –4 Å. Several
parameters were held fixed as follows: for Pu and Ga,N512; for
Pu, S0

250.55 andDE05212 eV; and for Ga,S0
250.85 andDE0

5210 eV.

Sample Pu-Pu shella Ga-Pu shell
Temp ~K! R ~Å! s2 (Å2) R (Å) s2 (Å2)

20 3.290 0.00280 3.160 0.00275
50 3.292 0.00381 3.160 0.00332
80 3.293 0.00511 3.160 0.00395
110 3.301 0.00680 3.160 0.00512
140 3.301 0.00905 3.160 0.00609
170 3.306 0.01039 3.163 0.00764
210 3.316 0.01275 3.165 0.00953
293 3.297 0.01821 3.171 0.01264

aErrors in R and s2 are estimated to be60.005 Å and610%
based on EXAFS fits to known model compounds, see Ref. 21

FIG. 3. Representative single shell curve fits~dotted lines! to the
Pu L III and GaK-edge data~solid lines! measured at 20K in~A!
k-space and~B! R-space. Data were Fourier-filtered from the ra
spectra over thek andR ranges shown in the plots using Gaussi
window functions with half-widths of 0.5 Å21 and 0.05 Å, respec-
tively. Pu data shown are multiplied by a factor of 2 for the purpo
of comparison to the Ga data.
7-4
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spite of the fact that the Ga-Pu pair has a lower redu
mass. To study this effect more carefully, the temperat
dependence of the Debye-Waller factors was modeled
employing the correlated-Debye model to determine the
bye temperature:27

smeas
2 ~T!5sstatic

2 1F~T,ucD!. ~1!

The temperature-dependent part of the Debye-Waller fa
F(T,ucD) is given within the correlated-Debye model by

F~T,ucD!5
\

2mE r j~v!cotanhS \v

2kBTDdv

v
,

wherem is the reduced mass,ucD is the correlated Debye
temperature, and the phonon density of states at positioRj
is28

r j5
3v2

vD
3 F12

sin~vRj /c!

vRj /c G ~2!

in which vD is the usual Debye frequency andc5vD /kB
wherekB is Boltzmann’s constant. The expression in brac
ets of Eq.~2! takes into account the correlated motion of t
atom pairs.

Using this formalism, we obtain the fits shown in Fig.
and determine pair-specific correlated-Debye temperat
QcD of 110.761.7 K and 202.663.7 K, for the Pu and Ga
sites, respectively. This analysis also estimates a value
sstatic50.02 Å. Assuming that only 36% of the Pu atom
experience a direct Ga contraction, we can estimate
maximum static distortion by embedding a 0.12 Å contrac
GaPu12 cluster in an undistorted lattice and calculate the fi
shell distribution around the contracted Pu atoms. Using
approximation we obtain a maximumsstatic50.05 Å. Al-
though the expected distortion will be less due to furth
lattice relaxation, our value of 0.02 may indeed reflect ad
tional relaxation and ordering around the Pu sites. The d
appear to fit the model quite accurately, indicating that
local pair vibrations can be described using the correla
Debye model. However, the higherQcD of the Ga-Pu pair

FIG. 4. Temperature dependence of EXAFS Debye-Waller f
tors for first shell Pu-Pu~upper data! and Ga-Pu~lower data! inter-
actions plotted along with fits generated using the correlated De
model.
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with respect to the Pu-Pu pair may indicate the presence
local lattice anomaly from a vibrational standpoint, whic
could be related to the observed lattice contraction meas
around the Ga sites.

IV. DISCUSSION

It is instructive to compare the EXAFSQcD results de-
scribed here with those obtained from previous studies. Ta
II summarizes theQD values ford-Pu determined from our
study along with those from earlier works. We also ma
special note of the differences in the methods used to de
mine these values, which is important for a proper interp
tation. The elastic values ofQD are obtained by ultasoun
measurements of ‘‘bulk’’ lattice wave properties extrapolat
down to T50 K.14,29,30The ‘‘bulk modulus’’ value uses a
theoretical relationship31 where QD541.63Ar 0B/M to de-
rive QD from an experimental value forB5450 kbar. The
QD value from neutron diffraction also represents a bu
measurement of lattice thermal behavior.15 However, since it
is derived from thermal displacement factors specifically
tributed to the Pu atoms, it is referenced asQDW . The QD
values obtained from EXAFS and neutron reson
absorption16 are distinct from those derived from the oth
methods in that they are element specific, yet there are
portant differences to be noted. EXAFS inherently measu
only phonon modes that involve specific atom pairs~i.e., we
must consider the reduced mass for the pair!. In contrast,
neutron resonance absorption measures the average o
modes associated with a single atomic species~i.e., only the
mass of the absorbing atom must be considered!.

In general the Pu specific values ofQD obtained from all
the techniques are similar in that they are all quite low, ra
ing from 104 to 132 K. It is not our intent to discuss the
differences since they come from such a wide variety

-

ye

TABLE II. Comparison of Pu and Ga specific Debye tempe
tures obtained ford-Pu by various techniques.

d-Pu alloy Pu-QD Ga-QD Method

3.3 at. % Ga 110.7 EXAFS
202.6 EXAFS

127 neut. abs.a

255 neut. abs.
105 bulk mod.b

115 elasticc

6.6 at. % Ga 127 elasticd

5.0 at. % Ga 132 elastice

132 neut. diff.f

aNeutron Resonance Doppler spectroscopy, Ref. 16.
bUsing the relation from Ref. 31 and the experimental bulk modu
noted in the text.

cUltrasonic measurement of 3 principal elastic constantsCi j , Ref.
14.

dDerived from Young’s modulus,E, and torsional moduus,G, Ref.
29.

eAlso derived fromE andG, Ref. 30.
fNeutron diffraction, Ref. 15.
7-5
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techniques and variability in samples. The Ga-specific De
temperatures do, however, require more careful discuss
in relation to the Pu-specific values. As mentioned in Sec
neutron resonant absorption found a Ga specificQD value of
255 K 622 K which, compared to theAmPu/mGa weighted
value of 236 K, does not exclude a slightly stiffer force fie
than the one around the Pu sites. Analogously, EXAFS yie
a Ga specificQcD of 202.663.7 K which may be compared
to the expected value of 164 K~i.e., theAmPu/mGa weighted
value!. The observation of a significantly higherQcD for the
Ga-Pu pair relative to that expected for a simple subst
tional lattice model, coupled with the anomalously large l
tice contraction around the Ga sites clearly suggest that
Ga sites reside in a significantly stronger force field. T
shorter Ga-Pu bonds, in fact, inherently imply a strength
ing of the Ga-Pu bonds relative to the Pu-Pu bonds.

Regarding factors that contribute tod-phase stabilization,
these results are consistent with the Ga atoms having a
nificant influence on the local electronic structure. One ob
ous possibility is that charge transfer exists between the
pd states and the corresponding Pud f states. In fact, a de
tailed model of hybridization was discussed in earlier wo
which measured the GaK-edge XANES in a Pu-Ga alloy.17

This orbital overlap will directly dictate the extent of lattic
vibrational distortions and local geometry within the crys
structure, that is, with a preference towards a fcc lattice
the presence of Ga. Therefore, the results of this EXA
study give evidence for the impact of the vibrational prop
ties on the local lattice effects in the Pu-Ga alloy syste
More work with otherd stabilizing elements is needed t
determine if this is a universal characteristic applicable to
d-phase stabilizers.

From the results of this study, we may also estimate v
ues for ‘‘pair-specific bulk moduli.’’ Indeed, according to th
empirical relation between bulk modulus and Debye te
perature established by Moruzziet al.,31 we deduce from our
calculated Debye temperatures for Pu and Ga values of
and 1666 kbar, respectively, for the bulk modulus. Since
Pu-Ga alloy we have been studying has a composition in
dilute limit, this implies that Pu is mostly surrounded by P
atoms whereas each Ga site can be viewed as embedde
Pu matrix. In addition, the bulk modulus of pure Ga metal
determined by theory,32 606 kbar, or experiment,33 613 kbar,
is quite low in accordance with the low melting point of 30
K. Hence the dramatic difference between the two estima
k,

m
ic
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bulk moduli provides an equivalent description for the
crease in strength gained in going from Pu-Pu~or Ga-Ga
bonds! to Ga-Pu bonds. This unusually large increase in s
bility of a Pu ~Ga! matrix by addition of Ga~Pu! is reflected
in the existence of very stable Pu-Ga compounds~i.e., large
heats of formation!, some of them exhibiting congruent mel
ing. It would be interesting to extend this work to other all
compositions to quantify more appropriately these findin
and have a better understanding of the unusual synerg
effects due to alloying in Pu-Ga and related systems.

V. CONCLUSION

Pair specific Debye temperatures for the Ga-Pu and Pu
pairs in d-Pu were determined using a correlated-Deb
model fit to temperature dependent EXAFS Debye-Wa
parameters. Using this formalism, we obtain pair spec
correlated-Debye temperaturesQcD of 110.761.7 K and
202.663.7 K, for the Pu-Pu and Ga-Pu pairs, respective
The results for theQcD Pu-Pu pair compare well with pre
vious vibrational studies ond-Pu. In addition, our results
represent the first unambiguous determination of Ga-spe
vibrational properties, i.e, Ga-PuQcD , in PuGa alloys. Be-
cause the Debye temperature can be related to a measu
the lattice stiffness, these results indicate that the Ga
bonds experience a stronger force field than the corresp
ing Pu-Pu bonds. This effect has important implications
lattice stabilization mechanisms in these alloys. If the vib
tional properties ind-Pu are dependent on the type of imp
rity, further studies of Debye temperatures with other ‘‘s
bilizers’’ will be important for discerning key aspects of th
stabilization mechanism.
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